INTRODUCTION
Actinobacillus pleuropneumoniae is a member of the family Pasteurellaceae and is responsible for porcine pleuropneumonia (Dousse et al., 2008; Reiner et al., 2010) . A. pleuropneumoniae can be divided in two biotypes based on their NAD requirement. Serotypes 1, 5 and 7 are the predominant serotypes found in North America while serotype 2 is the predominant serotype in many European countries (Chiers et al., 2010; Kim et al., 2010) . The clinical signs of the disease can be hyperacute, acute or chronic Ohba et al., 2010) . Chronic porcine pleuropneumonia is usually very contagious because the bacteria persist in the lungs, the tonsils and, in rare cases, the nasal cavity. The persistence of A. pleuropneumoniae within chronically infected pigs helps the dispersion of the disease within a herd (Jacobsen et al., 2005; Wagner & Mulks, 2007) . The pathogenesis of A. pleuropneumoniae involves several virulence factors, including RTX exotoxins (Apx toxins), lipopolysaccharides, capsular polysaccharides, adhesins, proteases and outer-membrane proteins (Archambault et al., 2003; Kim et al., 2010) . Among the virulence factors, the Apx toxins are the factors responsible for the lesions observed in the lungs (Rayamajhi et al., 2005; Xie et al., 2010; Reiner et al., 2010) . It has been reported that aerosols are responsible for the dispersion of A. pleuropneumoniae over short distances especially when animals are in close proximity. The presence of this pathogen in the environment surrounding pig farms has yet to be reported (Brockmeier et al., 2003; Gião et al., 2010; Reiner et al., 2010) . Assavacheep & Rycroft (2013) proposed that A. pleuropneumoniae may be transferred between farms if carried on inanimate surfaces in a wet or dried state. They observed that A. pleuropneumoniae survived in an aqueous suspension in the presence of NaCl and mucin. Additionally, survival of A. pleuropneumoniae was prolonged at lower temperature. In a dry state, A. pleuropneumoniae survival improved on hydrophobic surfaces and in a desiccated environment or under saturated humidity.
Our group found that the prevalence of A. pleuropneumoniae in the pig population of the state of Aguascalientes (Mexico) was around 40 %, and that disease was commonly in the asymptomatic form. In this work, the presence of A. pleuropneumoniae in drinking water obtained from randomly selected pig farms of Aguascalientes was detected by nested PCR, an A. pleuropneumoniae-specific polyclonal antibody and fluorescent in situ hybridization (FISH). Furthermore, viable and cultivable A. pleuropneumoniae was found in drinking water samples. The prevalence of A. pleuropneumoniae in the drinking water samples from pig farms was 20 %. Biofilms were observed by scanning electron microscopy (SEM) in the A. pleuropneumoniaepositive samples. These results suggest that A. pleuropneumoniae could be using biofilms as a strategy to survive in the environment.
METHODS
Drinking water samples. Drinking water samples were collected from 12 different swine farms located in the state of Aguascalientes in Mexico (Table 1) . No clinical signs of porcine pleuropneumonia were observed in the animals; however, a previous study showed that 40 % of the pig herds of Aguascalientes state were positive for A. pleuropneumoniae (data not shown). Farms for sample collection were selected randomly. A compound sampling scheme was used (Cochran, 1977) . Briefly, every sample was composed of four different taps (10 ml per tap) (Fig. 1) . This sampling strategy increased the probability of detecting A. pleuropneumoniae and maintained a manageable number of samples. In total, 120 composite samples were obtained and this represented 480 taps. The number of samples obtained per farm was 5-10 or 11-20 for farms with 100-1000 or 1000-3000 animals, respectively. Sampling was done from December 2009 to January 2010. All samples collected on a farm were taken on the same day. The drinking water used by Aguascalientes farms comes from natural pools and treatment such as chlorination is not performed. On the farms, every tap was in contact with animals. Therefore, the tap was sterilized with a flame for 1 min and water was run for 1 min to reduce the presence of contamination originating from nasal secretion or saliva. Once the operation was completed, the water samples were collected and transferred to sterile tubes, and kept at 4 uC for transportation to the laboratory (Fig. 1) .
General methodology. The 120 composite water samples were centrifuged at 10 000 g for 10 min to concentrate the bacterial population. The pellets were used to extract DNA and the DNA was used as the template in Apx IV PCR (n5120). The pellets from A. pleuropneumoniae-PCR-positive samples (n524) were kept and used in subsequent analyses, which included an immunofluorescence assay, a FISH assay, SEM and viability and cultivability tests. The methodology is summarized as a flow chart in Fig. 1 .
Growth of bacteria on BHI agar. Water samples were centrifuged at 10 000 g for 10 min to concentrate the bacterial population. Then, 80 % of the supernatant was discarded and the pellet was resuspended in the remaining volume. A volume (10 ml) from each sample was plated on BHI agar (Bioxon) supplemented with NAD (15 mg ml
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). The plates were incubated overnight at 37 uC with 5 % CO 2 (Lehtola et al., 2006) . To detect the presence of A. pleuropneumoniae using an A. pleuropneumoniae-specific nested PCR, bacteria obtained from an overnight culture were diluted in 2 ml of lysis buffer and DNA was isolated as described below.
Isolation of A. pleuropneumoniae from water samples. A cAMP test was used to isolate A. pleuropneumoniae from the water samples. Briefly, bacteria obtained from BHI-NAD agar were streaked on blood agar with Staphylococcus aureus. Gram staining was performed on colonies obtained from the cAMP test and those suspected to represent A. pleuropneumoniae were grown in BHI-NAD broth. These cultures were used to isolate DNA and this DNA was used as the template in a nested PCR test. Furthermore, the cultured bacteria were confirmed to represent A. pleuropneumoniae by immunofluorescence with polyclonal antibodies and by FISH.
DNA isolation. DNA was isolated from water samples and bacteria were cultured on plates. Bacterial cultures were prepared as mentioned above. For water samples, 3 ml of the sample was centrifuged at 10 000 r.p.m. for 10 min. The supernatant was discarded and the pellet was kept for DNA isolation. DNA isolation was performed as described by Sambrook & Russell (2001) .
Detection of A. pleuropneumoniae by PCR. To detect the presence of A. pleuropneumoniae in the drinking water samples, specific primers for the apxIV gene were used (Frey, 2003) . The final volume of the PCR was 25 ml. The primers used were APXIVAForward (59 TGGCACTGACGGTGATGAT 39), APXIVA-Reverse (39 GGCCATCGACTCAACCAT 59), APXIVAN-Forward (59 GGGGAC-GTAACTCGGTGATT 39) and APXIVAN-Reverse (39 GCTCACC-AACGTTTGCTCAT 59). Conditions for the nested PCR were those described by Frey (2003) . The detection limit was 400 pg. For all the reactions, 0.1 mM DNA isolated from A. pleuropneumoniae strain S4074 was used as a positive control and a reaction without DNA was used as a negative control. In addition, DNA (0.1 mM) from Mannheimia haemolytica was used as a specificity control (Gioia et al., 2006; Dousse et al., 2008) . To ensure that the drinking water composition did not interfere with the PCR, spike controls were also used for the drinking water samples that were A. pleuropneumoniae negative (Dousse et al., 2008) . For the spike controls, 0.1 mM A. pleuropneumoniae strain S4074 DNA was added to the negative samples. The PCR products were analysed by electrophoresis using 1.5 % (w/v) agarose and stained with ethidium bromide (1 mg ml 21 ). Images of the gels were captured using the Chemi Doc (Bio-Rad) image analyser and the software Quantity One (Bio-Rad).
Viability test. To determine the presence of viable bacteria in the drinking water samples, bacteria were stained with the Live/Dead BacLight Viability kit (Molecular Probes) as described by Boulos et al. (1999) . To concentrate the bacterial population, 3 ml of water sample was centrifuged at 10 000 r.p.m. for 10 min. The supernatant was discarded and the pellet was kept for the viability assay. The presence of fluorescent bacteria was recorded using a confocal microscope (CTR4000; Leica Microsystems) and images were captured using the LAS AF image analyser software (Leica). Drinking water composite samples were centrifuged at 10 000 g (10 min). Supernatants were discarded and the pellets were used in the identification test (n=120)
Composite samples: 4 taps (10 ml from each) per composite sample (n=120)
Drinking water single samples from taps (n=480) Fig. 1 . Flow chart of the methodology used to detect viable A. pleuropneumoniae from drinking water samples collected on swine pig farms. App, A. pleuropneumoniae.
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A. pleuropneumoniae-specific polyclonal antibody preparation. A total protein extract from A. pleuropneumoniae serotype 1 strain S4074 was prepared as described by Guerrero-Barrera et al. (1999) . A. pleuropneumoniae rabbit polyclonal antibody was generated using the method of Gutiérrez-Cantú et al. (2011) . Polyclonal antibodies were titrated by Western immunoblot against a total protein extract of A. pleuropneumoniae. Dilutions used were 1 : 50, 1 : 100, 1 : 200, 1 : 500, 1 : 1000 and 1 : 5000.
Detection of A. pleuropneumoniae by indirect immunofluorescence in drinking water and cultured samples. To confirm the presence of A. pleuropneumoniae in farm drinking water, the A. pleuropneumoniae-PCR-positive samples were used in an indirect immunofluorescence assay. Briefly, bacteria from farm drinking water samples (1 ml) and from exponential-phase (OD 600 of~0.6) cultures grown in BHI-NAD broth (1 ml) were harvested by centrifugation at 5000 r.p.m. for 10 min. Cells were permeabilized with 2 volumes of methanol for 30 min, then fixed for 20 min with 3.7 (v/v) formaldehyde/PBS (pH 7.4) and then washed with PBS (pH 7.4). Cells were incubated with the A. pleuropneumoniae-specific polyclonal antibody (1 : 25 dilution) for 2 h at 37 uC with gentle agitation. After the incubation, the cells were washed three times with PBS and were incubated with an anti-rabbit IgG conjugated with Alexa Fluor 594 (1 : 100 dilution) (Molecular Probes) for 1 h at 37 uC with gentle agitation. Cells were washed three times with PBS, and 3 ml of labelled cells was mounted on a Teflon printed slide with 6 mm diameter wells and covered with a No. 1 coverslip (Electron Microscopy Sciences). The stained cells were visualized using a confocal microscope (DMI 4000 B; Leica) and images were analysed using the LAS AF image analyser software. A. pleuropneumoniae serotype 1 strain S4074 was used as a positive control and Escherichia coli O157 : H7 was the negative control (data not shown).
FISH and wheatgerm agglutinin (WGA) labelling. FISH was performed on the PCR-A. pleuropneumoniae-positive samples to confirm the presence of A. pleuropneumoniae. Biofilms of A. pleuropneumoniae strain S4074 and strain L20 were used as positive controls. In vitro grown biofilm of E. coli O157 : H7 was used as a specificity control. Control biofilms were formed on glass slides by placing a glass slide in a Petri dish containing 25 ml of A. pleuropneumoniae culture (22.5 ml BHI with 15 mg NAD ml 21 , mixed with 2.5 ml of bacterial culture). The Petri dish was incubated for 24 h at 37 uC with 5 % CO 2 (Kiorpes et al., 1990) . The glass slide was air-dried (37 uC for 1 h) and gently flamed. Farm drinking water samples (25 ml) were centrifuged at 10 000 r.p.m. for 10 min, and the pellets were spread on a sterile glass slide and air-dried (37 uC for 1 h). The FISH protocol was performed as described by Lehtola et al. (2006) as modified by Rodriguez-Nuñez et al. (2012) . Before the hybridization, samples were pre-treated with 5 mM sodium citrate at 94 uC for 5 min. The glass slides were then covered with 30 ml of hybridization solution and with a coverslip. The hybridization solution contained 5 M NaCl, 1 M Tris/HCl, 10 % (w/v) SDS, 35 % (v/v) formamide, 1.5 mM of each labelled probe (APXIVAN-Forward and APXIVAN-Reverse labelled with 482 fluorescein) and Triton X-100. Slides were incubated for 18 h at 52 uC. The glass slides were washed for 15 min at 52 uC with a solution containing 15 mM NaCl, 5 mM Trisma Base and 0.1 % (v/v) Triton X-100. The glass slides were then rinsed in distilled water (52 uC). After hybridization with Apx IV 482 fluorescent probes, in vitro biofilms were incubated with 100 ml WGA-Alexa Fluor 594 conjugate (Molecular Probes) (5 mg ml
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) diluted in PBS. Every biofilm was incubated for 30 min at room temperature in the dark. Every sample was then washed with water and finally with PBS to eliminate the excess. The samples were covered with ProLong Gold antifade reagent (Invitrogen). The labelled bacteria were visualized using a confocal microscope (DMI 4000 B; Leica) and images were analysed using the LAS AF image analyser software.
Scanning electron microscopy. The samples that were FISHpositive and PCR-positive were used to detect the presence of biofilms by SEM. A volume (3 ml) of the drinking water sample was deposited on a slide and air-dried. The dried samples were then processed as described by Silva-Briano et al. (2007) as amended by Baum et al. (2009) . Samples were observed with a JEOL LV-5900 scanning electron microscope. Images were captured with the microscope software.
RESULTS

Detection of A. pleuropneumoniae in farm drinking water by PCR
The apxIV gene was used to identify A. pleuropneumoniae because this toxin is specific for A. pleuropneumoniae (Frey, 2003) . PCR with primers APXIVAN-Forward and APXIVAN-Reverse yielded a 377 bp fragment (Schuchert et al., 2004; MacInnes et al., 2008) (Fig. 2) . DNA from A. pleuropneumoniae serotype 1 strain S4074 was used as a positive control and reaction without DNA template was used as a negative control. The expected DNA fragment (A. pleuropneumoniae S4074) was amplified in the spiked sample (A. pleuropneumoniae App-negative) and thus confirmed that the water composition had not interfered with the PCR (Fig. 2) . Drinking water taps from 12 pig farms were sampled in this study (120 composite samples), and the presence of A. pleuropneumoniae was detected by PCR in 24 samples (20 %) from six farms (50 %) (Table 1 ; Fig. 3 ). Fig. 2 . Analysis of the controls used to confirm the specificity of the nested PCR for apxIV. Lane 1, 1 kb ladder; lane 2, reaction without DNA (negative control); lanes 3 and 4, DNA from A. pleuropneumoniae strain S4074 (positive control); lanes 5 and 6, A. pleuropneumoniae-negative samples spiked with DNA from A. pleuropneumoniae strain S4074 (matrix composition control); lanes 7 and 8, DNA from Mannheimia haemolytica (specificity control). 
Viable bacterial cells in farm drinking water
After identifying water samples that were PCR-positive for A. pleuropneumoniae, the viability of the micro-organisms present in the samples (n524) was evaluated. In all the samples, at least 90 % of the cells were viable, labelled in green by the Live/Dead BacLight stain in Fig. 4(a) ; dead cells were labelled in red.
Cultivable A. pleuropneumoniae from drinking water
To verify if A. pleuropneumoniae detected in the drinking water was cultivable, aliquots of the PCR A. pleuropneumoniae-positive samples (n524) were inoculated in BHI agar. Colonies from the BHI agar cultures were subsequently inoculated on blood agar in the presence of a b-haemolytic S. aureus. Colonies that exhibited b-haemolysis were suspected to represent A. pleuropneumoniae and were characterized further. The characterization included haemolytic activity, the cAMP reaction, urease activity and NAD dependence (Kiorpes et al., 1990) . In addition, DNA from the colonies was isolated and used in a PCR assay. These tests confirmed that bhaemolytic colonies represented A. pleuropneumoniae (Fig. 3) .
The presence of A. pleuropneumoniae in water samples was also verified by immunostaining (Fig. 4b-d, Table 1 ). Drinking water samples and bacteria recovered from the BHI agar were tested and the results confirmed the presence and viability of A. pleuropneumoniae in the 24 PCR-positive samples (Figs 3 and 4a). A pure culture of A. pleuropneumoniae S4074, drinking water samples from swine farms and A. pleuropneumoniae culture of PCR-positive samples were incubated in the absence of the primary antibody and were used as a negative control (Fig. 4b-d, lower insets) . A pure culture of A. pleuropneumoniae was used as a positive control (Fig. 4b) .
Biofilms in drinking water samples
SEM was used to visualize biomasses collected from PCRpositive samples (n524). The micrographs showed that biofilm-like structures were present in the water samples (Table 1 ; Fig. 5 ) FISH and WGA labelling FISH was used to further confirm the presence of A. pleuropneumoniae in the positive samples. Double labelling was done with WGA-Alexa Fluor 594, to show extracellular matrix of exopolysaccharides in biofilms. The specificity of the probe and the technique was confirmed by using in vitro grown biofilms of E. coli O157 : H7 (Fig. 6b) , Bordetella bronchiseptica strain 274 (data not shown), Pasteurella multocida strain 4-4056 (data not shown) and Haemophilus parasuis strain Nagasaki (data not shown). As expected, these biofilms were not labelled with the fluorescent Apx IV DNA probe, but they were labelled with WGA-Alexa Fluor 594 (Fig. 6b) . Furthermore, in vivo biofilms formed by A. pleuropneumoniae strain S4074 and strain L20 were labelled as expected by the Apx IV DNA probe and also showed extracellular matrix (Fig. 6c, d) . Additionally, autofluorescence was not detected in A. pleuropneumoniae biofilm and water samples that lacked the fluorescent probe (Fig. 6a, h ). Green fluorescence was detected in all biofilms isolated from PCR-positive samples and in cultured bacteria, indicating the presence of A. pleuropneumoniae (Table 1 ; Fig. 6e-g ), as well as the presence of extracellular matrix.
DISCUSSION
A. pleuropneumoniae was detected by nested PCR in the drinking water of six farms of the state of Aguascalientes, Mexico. Twenty per cent of the composite water samples (24 of 120 samples) were positive for A. pleuropneumoniae (Farms 1, 2, 5, 7 and 10, Table 1 and Fig. 3) . Pigs from the farms where samples were collected did not have any clinical signs of an A. pleuropneumoniae infection. However, the presence of A. pleuropneumoniae was previously detected by PCR in nasal swab samples obtained from farms in Aguascalientes. Furthermore, postmortem examination has revealed that 40 % of pigs coming from the state of Aguascalientes have lesions associated with an A. pleuropneumoniae infection (data not shown).
Immunostaining and FISH confirmed the presence of A. pleuropneumoniae in the 24 PCR-positive samples. Furthermore, the results showed that A. pleuropneumoniae was viable and cultivable in all PCR-positive samples. They also confirmed the formation of extracellular matrix of exopolysaccharides associated with biofilms formed by strains isolated from farm drinking water samples. The transmission of A. pleuropneumoniae is thought to occur only by direct contact between pigs or by aerosols over short distances (Kiorpes et al., 1990; MacInnes et al., 2008) . However, Assavacheep & Rycroft (2013) demonstrated that A. pleuropneumoniae can survive in aqueous solutions and on hydrophobic surfaces, and that the presence of NaCl and mucin enhanced its survival. The presence of viable A. pleuropneumoniae in the environment surrounding pig farms, especially in drinking water, and the role of the environmental A. pleuropneumoniae in transmission of the bacterium have yet to be investigated thoroughly.
Bacteria use biofilms as a strategy to survive in the environment. Biofilm formation is also considered a virulence factor in pathogenic bacteria (Li et al., 2011) . In their natural setting, biofilms are multi-species bacterial communities attached to a surface and enclosed in an exopolysaccharide matrix (Lindsay & von Holy, 2006; Jacques et al., 2010; Labrie et al., 2010) . Several studies have shown that pathogenic bacteria can use biofilms as a strategy to survive and spread in water systems. Gião et al. (2010) demonstrated that Helicobacter pylori persists inside biofilms when water is treated with low concentrations of chloride (0.2 and 1.2 mg l 21 ). Kamruzzaman et al. (2010) confirmed that Vibrio cholerae uses biofilms to survive and spread within water systems. E. coli (Shikuma & Hadfield, 2010) , V. cholerae (Cooper & Hanlon, 2010) , Legionella spp. and Pseudomonas aeruginosa (Mena & Gerba, 2009 ) also use biofilms as a strategy to survive in the environment. Furthermore, environmental Mycobacterium, which are also opportunistic pathogens, use biofilms in terrestrial and aquatic environments for persistence. Mycobacterium use biofilms to persist in their reservoirs (Vaerewijck et al., 2005) . It has been recently reported that several strains of A. pleuropneumoniae are able to form biofilms in vitro (Izano et al., 2007; Li et al., 2008; Bossé et al., 2010; Labrie et al., 2010; Grasteau et al., 2011) . A. pleuropneumoniae produces a polysaccharide matrix composed of a polymer of b-1,6-N-acetyl-D-glucosamine called PGA. The biofilm matrix polymer produced by A. pleuropneumoniae is also found in the biofilm of E. coli, S. aureus and Staphylococcus epidermidis (Izano et al., 2007) . Using SEM and FISH analysis and WGA labelling, a biofilm-like structure was detected in A. pleuropneumoniae-positive samples and this suggests that A. pleuropneumoniae may use biofilms to survive in the drinking water. Alternatively, A. pleuropneumoniae might be able to become incorporated into multispecies biofilms, as observed in other bacterial pathogens (Brockmeier et al., 2003; MacInnes et al., 2008) .
To the best of our knowledge, our study is the first to show that A. pleuropneumoniae is present and viable in the drinking water of pig farms. Additionally, we observed that A. pleuropneumoniae could survive in water for at least 3 weeks at 20 u C in the laboratory (data not shown). In conclusion, our results have shown that PCR allowed the detection of A. pleuropneumoniae in drinking water of pig farms and that the A. pleuropneumoniae in the water samples was viable and cultivable. The A. pleuropneumoniae-positive samples represented 20 % of the samples collected (n5120) from six (50 %) of 12 randomly selected swine farms. Overall, our data indicate that A. pleuropneumoniae is capable of survival in water samples within biofilm-like structures. However, the relationship between the presence of A. pleuropneumoniae in drinking water of swine farms, its dispersion and its virulence needs more extensive research. 
